I n t r o d u c t i o n and Summary
S u p e r c o n d u c t o r s p r o v i d e t h e a c c e l e r a t o r d e s i g n e r w i t h a u n i q u e o p p o r t u n i t y t o c o n s t r u c t m a c h i n e s t h a t c a n a c h i e v e h i g h p a r t i c l e e n e r g i e s
and y e t h a v e l o w o p e r a t i n g c o s t s . T h i s p a p e r d e s c r i b e s t h e d e s i g n , f a b r i c a t i o n and t e s t i n g o f a 4 l a y e r , 50 mm bore superconducting dipole magnet, 0-9A. The magnet r e a c h e d s h o r t sample, 5.8 T a t 4.4 K and 8.0 T and 1.8 K, w i t h l i t t l e t r a i n i n g , and e x h i b i t e d l o w l o s s e s and l o w ramp r a t e s e n s i t i v i t y .
The optimum f i e l d f o r s u p e r c o n d u c t i n g a c c e l e r a t o r d i p o l e s depends on many f a c t o r s and cannot be determined i n a g e n e r a l s e n s e w i t h o u t t h e s e l e c t i o n o f a s i t e and a v a r i e t y o f a c c e l e r a t o r d e s i g n p a r a m e t e r s .
The h i g h e s t p o s s i b l e f i e l d m u s t b e c o n s i d e r e d
i f t h e c i r c u m f e r e n c e o f any new a c c e l e r a t o r i s t o b e as small as p o s s i b l e t o r e d u c e t h e amount o f l a n d r e q u i r e d f o r m u l t i TeV accelerators, where new and i n t e r e s t i n g p h y s i c s c a n b e e x p l o r e d .
Two superconductors can be considered for a 10 T a c c e l e r a t o r .
The f i r s t i s Nb3Sn, which can opera t e a t 1 0 T a t about 4.4
K, and t h e second i s NbTi, w h i c h m u s t o p e r a t e i n s u p e r f l u i d h e l i u m a t
1.8 K t o achieve 10 T. S e v e r a l d i f f e r e n t d e s i g n s were cons i d e r e d f o r t h e s e magnets and two were s e l e c t e d as t h e b a s i s f o r a model t e s t i n g p r 0 g r a m . l The one d e s c r i b e d h e r e , t h e c y l i n d r i c a l l a y e r d e s i g n , was s e l e c t e d because o f t h e e x p e r i e n c e w i t h t h i s t y p e o f winding i n t h e ESCAR,2 the Fermilab3 Doubler/ Saver, the Brookhaven ISABELLE4 magnets, and t h e r e c e n t r e s u l t s i n t h e d e v e l o p m e n t and t e s t i n g o f model magnets a t LBL,5 A somewhat s i m i l a r d e s i g n was d e s c r i b e d b y I s h i b a s h i and M c I n t u r f f . 6
The 50 mm ( 2 " ) b o r e was selected for these models t o m i n i m i z e c o s t s . A c c e l e r a t o r d e s i g n d o e s n o t r e q u i r e l a r g e r b o r e s , and we s e l e c t e d 50 mm ( 2 " ) as a r e a s o n a b l e g o a l w i t h e x i s t i n g c o n d u c t o r s . S m a l l e r bore magnets o f t h e l a y e r t y p e w o u l d b e q u i t e d i f f ic u l t w i t h t h e c o n d u c t o r used f o r D-9A because o f t h e s m a l l r a d i u s o f c u r v a t u r e o f t h e i n s i d e t u r n o f t h e f i r s t l a y e r . The c u r r e n t d e n s i t y i s t h e same i n a l l f o u r l a y e r s .
Coil Design
The 4 
2.
Some c h a r a c t e r i s t i c s o f t h e c o i l a r e p r e s e n t e d i n Table I . The c e n t r a l a n g l e s f o r t h e f o u r l a y e r s a r e chosen t o m i n i m i z e t h e a l l o w a b l e h a r m o n i c s w i t h t h e wedges as shown.
The actual conductor dimensions a r e s l i g h t l y d i f f e r e n t f o m t h o s e u s e d i n t h e o p t i m i z a t i o n so some harmonics may appear but these The c o i l w i n d i n g c a n s u p p o r t an i n w a r d r a d i a l l o a d i n t h e s t r a i g h t s e c t i o n and when clamped under t h e maximum s t r e s s r e m a i n s s e p a r a t e d f r o m t h e s t a i n l e s s steel boretube by about 0.5 mm. The longitudinal section in F i g . 2 shows that the ends o f the coil layers are staggered, the outer c o i l s a r e shorter, t o reduce the maximum f i e l d a t t h e innermost turn of the f i r s t l a y e r . The e f f e c t of t h i s end design i s t o move the high field region to t h e s t r a i g h t s e c t i o n of layer one, probably below the ends of t h e s t r a i g h t s e c t i o n of t h e innermost turns of layers three and four. Neglecting these possible end e f f e c t s , t h e maximum f i e l d r i s e in the straight section of layer 1 i s about 3% on t h e f i r s t turn.
The 2.46 mm thick, 52.5 mm diam bore tube i s an integral p a r t of t h e c o i l and i s vacuum tight. Pins, a s shown in Fig. 2 are welded into holes in this tube to provide an index f o r mounting the preassembled coils halves and t o support the coil against the circumferential force of the nylon during winding. The f i e l d q u a l i t y of t h i s magnet was n o t measured d u r i n g t h e f i r s t t e s t , b u t the integral, sealed bore tube will allow cold measurement a t a l a t e r time i f necessary.
The conductor used i n t h e c o i l s i s s i m i l a r t o t h e FNAL Rutherford cable and is described in Table  111 . The copper-to-superconductor ratio in the conductor i s 1.5, which i s somewhat lower than t h a t o f the FNAL Doubler/Saver conductor.
The short-sample critical currents of this conductor are shown in F i g . 3 a t both 4.4 and 1.8 K.l0 Several different measurements were combined t o obtain these curves, some were on single strands, others on complete cable. The r e s u l t s a r e a1 1 generally i n agreement, and the values for 4.4 K are probably correct t o about 5%. For example, in the year or so between manufacture and coil winding t h e conductor may be respooled several times and passed over several pulleys during the cleaning and inspection process. This final compaction and s i z i n g i s quite important because of the strong dependence of the coil prestress on the conductor dimensions. Glass-epoxy wedges are placed i n tke windings of each layer a t intervals of a b o u t 7.5 of winding arc. This keeps the conductors oriented radially and maintains constant circumferential pressure across each layer.
The winding package has a measured effective circumferential modulus of about 2x104 MPa as shown i n Table I . This relatively high value, compared t o t h e s t r e s s i n e a r l i e r i n s u l a t i o n t h i c k n e s s o v e r about 90% o f the conductor surface.
coils,5,7 imposes severe restrictions on the d i m e n s i o n a l t o l e r a n c e o f t h e c o n d u c t o r . U s i n g t h e f i r s t l a y e r as an example, assuming the circumference i s h e l d c o n s t a n t , a v a r i a t i o n o f 2.54 um (0.0001") i n t h e c o n d u c t o r t h i c k n e s s l e a d s t o a 28 Mpa

As a f i n a l s t e p , B-stage epoxy i s t h e n s p r a y e d o n t o o n e s u r f a c e o f t h e i n s u l a t e d c o n d u c t o r b e f o r e i t i s wound o n t o t h e c o i l form. The e p o x y a p p l i e d i n t h i s f a s h i o n a i d s i n f a b r i c a t i o n b u t h a s l i t t l e e f f e c t on t h e c o i l u n d e r load, and no epoxy i s i n d i r e c t c o n t a c t w i t h t h e conductor. D u r i n g c o i l w i n d i n g t h e c o n d u c t o r i s u n d e r a b o u t 450 N (100 l b s . ) t e n s i o n .
A dummy p o l e i s l a n d made o f aluminum i s used f o r t h e w i n d i n g and the epoxy c u r i n g p r o c e s s e s .
T h i s i s l a n d i s firmly a t t a c h e d t o a s o l i d c y l i n d r i c a l
m a n d r e l .
Wedges o f glass-epoxy are placed between the turns as t h e c o n d u c t o r i s wound onto the mandrel and t h e i s l a n d . A f t e r w i n d i n g i s completed an a l u m i n u m h a l f -s h e l l h a v i n g t h e same I D and OD as t h e l a y e r i s mated t o t h e w i n d i n g and mandrel.
A s t a i n l e s s s t e e l s h e l l and chain clamps a r e t h e n a p p l i e d t o t h e e n t i r e 
o l t s h o l d i n g t h e c h a i n s i n p l a c e a r e p e r i o d i c a l l y t i g h t e n e d t o m a i n t a i n p r e s s u r e as the epoxy cures and t h e K a p t o n i n s u l a t i o
Target prestresses were determined for each layer.
The goal was t o p r o v i d e s u f f i c i e n t a m b i e n t t e m p e r ature precompression so t h a t a f t e r c o o l d o w n and upon e n e r g i z i n g , t h e i n s i d e t u r n s o f each l a y e r w o u l d remain under compression. Precompression has t o b e h i g h enough t o o f f s e t s t r e s s l o s s due t o t h e r m a l c o n t r a c t i o n and t o t h e L o r e n t z f o r c e s t e n d i n g t o move conductor away f r o m
t h e p o l e s . The magnet was modeled as a s e r i e s o f n e s t i n g s h e l l s o f d i f f e r e n t mechanical and t h e r m a l c h a r a c t e r i s t i c s t h a t depend on t h e amount o f G-10 and superconductor i n each l a y e r t o c a l c u l a t e t h e s t r e s s change during cooldown. A d i f f e r e n t c a l c u l a t i o n d e t e r m i n e d t h e u n i f o r m c i rc u m f e r e n t i a l c o m p r e s s i o n t h a t p r o d u c e s , a t t h e f i r s t t u r n , t.he same motion as the Lorentz force. These 
Test Results
The D-9A dipole magnet was tested in our horizont a l He I/He I1 t e s t c r y o s t a t t h a t has been described previously.537 The training behavior in both He I and pressurized He I 1 i s e x c e l l e n t ; s h o r t sample performance in He I a t 4.4 K was reached on t h e t h i r d quench. The sequence was 4.8 T c e n t r a l f i e l d on the f i r s t quench, 5.3 T on the second and 5.8 T on t h e t h i r d . In pressurized He I1 at 1.8 K short sample was reached on the second quench.
The sequence was 7.4 T on t h e f i r s t quench and 8.0 T on the second.
Voltage taps on the inner turns
o f the inside layer showed t h a t t h e quenches a l l s t a r t e d i n t h e Fig. 6 . The completed D-9A coil s t r a i g h t s e c t i o n of the inside turn of either the top or bottom half of the inner layer. although a relat i v e l y l o s s y c a b l e u t i l i z i n g " s t a y b r i t e " i n s u l a t i o n on the strands is used, the ramp r a t e s e n s i t i v i t y i s r e l a t i v e l y low a t b o t h 4.4 and 1.8 K. W e a t t r i b u t e this to adequate helium ventilation.
Extensive cyclic heating data were taken. In He I I , we use a calorimetric method using the rise in bath temperature as an indication of energy loss.11 Cycling was done in the range from 0 t o 6.1 T with field change r a t e s beween 0 and 1 T per second.
A t the maximum r a t e t h e c y c l i c loss was 37.4 W.
I n He I a computer based electronic system was used. The magnet was cycled from 0.3 t o 4.6 T at rates ranging from 0 t o 0.9 T per second a t the maximum rate in He IS, t h e c y c l i c loss was 30.4 W.
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